In order to investigate the generation of the 40 Hz steady-state response (SSR), auditory potentials evoked by clicks were recorded in 16 healthy subjects in two stimulating conditions. Firstly, repetition rates of 7.9 and 40 Hz were used to obtain individual middle latency responses (MLRs) and 40 Hz-SSRs, respectively. In the second condition, eight click trains were presented at a 40 Hz repetition rate and an inter-train interval of 126 ms. We extracted from the whole train response: (1) the response-segment taking place after the last click of the train (last click response, LCR), (2) a modified LCR (mLCR) obtained by clearing the LCR from the amplitude enhancement due to the overlapping of the responses to the clicks preceding the last within the stimulus train.
I. Introduction
Since the first description by Galambos and coworkers (1981) , the problem of the generation of the auditory 40 Hz Steady-State Response (SSR) has been debated without a general agreement having been reached. As previously mentioned in the first part of our study (Azzena et al., 1995) , two main hypotheses have been proposed. According to the first, the 40 Hz-SSR reflects a more general property of the sensory systems (Basar et al., 1979a; Basar et al., 1979b; Bressler and Freeman, 1980; Basar et al., 1987) , behaving like neural resonators tuned to a frequency of 40 Hz (Galambos, 1982) . However, the second hypothesis which states that the 40 Hz response results from the linear addition of transient middle latency responses (MLRs) elicited by individual stimuli (Galambos et al., 1981) has gained wider acceptance. This latter hypothesis is supported by the close correspondence of the SSR predicted by MLR superimposition to the recorded 40 Hz-SSR (Galambos et al., 1981; Stapells et al., 1988; Hari et al., 1989; Ottaviani et al., 1990; Plourde et al., 1991) .
Nevertheless, as introduced in the first paper (Azzena et al., 1995) , the effectiveness of predictive models based on the linear MLR addition does not rule out the possibility that phenomena related to the resonant frequency of the system may take place in the SSR generation. In other words, these two hypotheses may deal with two different features of the auditory system, and thus they do not mutually exclude each other.
Moreover, our first paper supports the hypothesis of Stapells et al. (1984) , since our results highlight the role played by the relative refractory period on the SSR parameters. As a consequence, one could expect that the responses elicited by individual clicks during the SSR generation may be in some way different from the transient MLRs obtained at low repetition rates.
Thus, assuming that other mechanisms besides linear summation take place in the 40 Hz-SSR generation, the problem becomes: What summates?
The present study was undertaken in order to isolate a basic response to individual stimuli within the 40 Hz-SSR. To do this we performed a stimulation paradigm consisting of click trains at a 40 Hz rate with an inter-train interval lasting long enough to prevent the overlapping of the response following the last click of a train to those evoked by the following train. The next step was to verify the effectiveness of this isolated response in predicting the 40 Hz-SSR by linear addition.
Material and methods

Subjects and stimulation paradigm
consisted of trains of eight clicks with a 40 Hz repetition rate and each train was presented every 301 ms; as a consequence the time interval between the last click of each train and the first click of the following one (inter-train interval) lasted as long as 126 ms (i.e., the same interval utilized to obtain MLRs at 7.9 Hz of repetition rate).
Recording
Electroencephalographic activity was recorded ipsilaterally to the stimulated ear using silver-chloride cup electrodes attached to the scalp with saline gel. The active electrode was applied to the vertex (Cz), the reference electrode was placed on the right or left mastoids (M1 or M2) and the ground electrode was placed on the forehead. Inter-electrode impedance was kept below 5 kOhms.
Signals were amplified (100 000) and filtered (5-3 000 Hz, 12 dB/octave). Analogue to digital conversion was performed at a sample rate of 5 kHz (evoked potentials recording equipment EAC Mercury MDP 11/23 plus). Artefact rejection was active in order to avoid recording of movement artefacts.
Two thousands epochs were averaged to obtain MLRs and 40 Hz-SSRs. At 7.9 Hz each waveform was replicated once in all the tested subjects. The time analysis window was kept at 125 ms.
When recording the responses to train stimuli, 4 blocks, each consisting of 500 epochs, were averaged. This was done in order to roughly test the waveform replicability, thus preventing the subjects from undergoing a long lasting recording session. The time analysis window was 300 ms.
Sixteen healthy subjects (11 males, 5 females; aged 20-38 years) were studied. Informed consent was obtained from all subjects. None had a history of neurological or otological diseases. All had normal hearing with thresholds within 15 dB HL at octave frequencies from 0.25 to 4 kHz (ISO 389, 1985) . The subjects were lying on a bed in a sound attenuated chamber. They were instructed to relax with their eyes closed and not to fall asleep and the state of alertness was verified throughout the recording session.
Stimuli were given monoaurally by a TDH 49 earphone. They consisted of 0.1 ms clicks with alternating polarity presented at an intensity of 105 dB p.e. SPL (sound level meter Briiel and Kjaer 2231, artificial ear Briiel and Kjaer 4152) corresponding to 80 dB nHL in reference to the psychoacoustical threshold of normal hearing subjects.
In the first part of the recording session stimuli were presented at repetition rates of 7.9 and 40 Hz in order to obtain respectively basic MLRs and 40 Hz-SSRs.
In the second part of the recording session stimuli
Data analysis
Individual MLRs were obtained by averaging the two replicated waveforms. The MLR components were labelled according to their polarity and in alphabetical order (Mendel and Goldstein, 1971; Thornton et al., 1977) even if the latency of the components may make them seem to belong to the slow potentials category (Picton et al., 1974; Picton and Smith, 1978) . Wave V of the auditory brainstem response (ABR) and the P wave preceding Na (Picton et al., 1974; Picton and Smith, 1978; Kavanagh et al., 1984) were also identified.
Individual responses to stimulus trains were obtained by averaging the 4 blocks recorded in each subject. The 125 ms time window (625 point-segment) following the last click of the stimulus train was extracted from the whole train response by cutting the first 875 point-segment corresponding to the first 175 ms of the record-length (Fig. 1) . The resulting curve was arbitrarily indicated as last click response (LCR) and its components were labelled as the corresponding MLR waves observed in the same latency range. Latency and amplitude values of MLR and LCR components were calculated in each subject. The amplitude was measured from one peak to the following one of opposite polarity except the first positive-negative deflection. In this case we measured the amplitude from wave V to the following Na due to the high variability in P wave detectability and amplitude. Tpaired test was performed in order to compare latency and amplitude values of MLR and LCR components. Differences were considered significant at P < 0.01.
In each subject, prediction curves of the 40 Hz-response were obtained by the linear addition of MLR and LCR traces, respectively. The 625 point-MLR (and LCR) curve was divided into five consecutive 125 point-segments, each corresponding to 25 ms. Then five consecutive 625 point-curves were summed in such a way that each curve was shifted by 25 ms with respect to the previous one (see Fig. 1 in Azzena et al., 1995) .
The Fourier series technique was applied to the recorded and synthesized curves to evaluate amplitude and phase values of the fundamental frequency (see paper one for details). Amplitude and phase values were expressed in /xV and radians, respectively.
Results
Middle latency responses (MLRs) and last click responses (LCRs): main features, latency and amplitude values
The whole response to 40 Hz-trains obtained in two representative subjects together with the grand average (GA) of all individual train responses are illustrated in Fig. 2 . One can observe that the activity within the first 25 ms is mainly represented by the ABR. The addition of the responses to consecutive stimuli takes place after the second stimulus so that a good synchronization is obtained within the first 100 ms. These observa- tions are in agreement with the findings obtained by M~ikel~i and Hari in cats (1987) , and by M~ikel~i et al. in humans (1990) when utilizing a stimulus train paradigm. As is shown in Fig. 2 , the GA of the 40 Hz-SSRs closely resembles the segment of the GA of the train responses corresponding to the last clicks of the train. In particular, no significant amplitude or phase differences between the 40 Hz-SSR and the last two periods (150-200 ms time interval) within the train were found. The periodic 40 Hz activity within the train response appears to be superimposed on an alternating positive (at about 50 ms)-negative (at about 100 ms)-positive (at about 200 ms) slow response (Fig. 2) . Taking into account our filter-setting (5-3 000 Hz pass-band), this activity may be interpreted as corresponding to the slow responses (P40, N100 and P200) isolated by M~ikel~i and Hari (1987) by filtering the whole train response with a 0.05-100 Hz pass-band. A further analysis of this slow activity was not carried out since it was beyond the aims of our study.
Representative MLRs and LCRs from 4 subjects are illustrated in Fig. 3 . LCRs differed from the corre- sponding MLRs in two main aspects. First, LCRs showed higher amplitude of the segment Pa-Nb and, above all, of the segment V-Na. However, the most relevant feature of LCRs was the appearance of one or two deflections in addition to those already present in the corresponding MLRs (Table 1 ). In fact, besides the Pa wave which was always identifiable in both MLRs and LCRs, the observations increased from 12 to 16 for the Pb wave and from 5 to 14 for the Pc wave when comparing MLRs to LCRs. The most commonly observed pattern in LCRs (9 subjects) was the appearance in the Pc latency range of an additional wave which was absent in the corresponding MLRs. This is clearly seen for subjects 3 and 11 (Fig. 3) . The LCR did not show a Pc component in two subjects. However a Pb wave which was not identifiable in the corresponding MLRs was found (see, for example subject 16 in Fig. 3) . In one subject, only the Pa component was identifiable in the MLR while the LCR showed additional Pb and Pc waves. Moreover, in the LCRs of two subjects, further deflections in addition to Pc (and Nd) were found. These components were indicated as Pd and Ne according to alphabetical order (see for example subject 6 in Fig. 3 ).
It should be remarked that all the additional components showed a good replicability as they were easily identifiable in all the four blocks recorded in each subject.
In conclusion, in 13 out of 16 subjects, LCRs showed one (11 subjects) or two (2 subjects) additional components in comparison to the corresponding MLRs.
Mean and standard deviations of amplitude and Tables 2 and 3 , respectively. Wave V of ABR was always easily identifiable within the first 15 ms of the response (mean latency 5.92 + 0.25 ms; mean amplitude 0.27 + 0.10 /zV). The P wave preceding the Na peak (Kavanagh et al., 1984) was identified in 12 subjects (latency 11.52+ 1.32 ms; amplitude 0.94 + 0.75 /zV). Because of its high voltage and amplitude variability, this P wave may be considered myogenic in seven subjects.
Mean and standard deviations of amplitude and latency values of LCR components are reported in Tables 2 and 3 , respectively. No significant differences in peak latency values were found between MLRs and LCRs except for the Pb wave which was delayed in LCRs in comparison to MLRs (P < 0.01). With regards to amplitudes, LCRs gave higher values for V-Na, Na-Pa, Pa-Nb and Nb-Pb compared to MLRs. The difference was statistically significant for V-Na (P < 0.001), Na-Pa (P < 0.01) and Nb-Pb (P < 0.0001).
The amplitude differences observed between MLRs and LCRs may be justified assuming that the responses to individual stimuli summate linearly within LCRs. In this case the LCR would result from the overlapping of the responses elicited by the last clicks of the train. To obtain a curve which could be considered an approximation to the response evoked by individual clicks within the SSR, an analytical handling was performed on the LCR trace. Thus a modified LCR (mLCR) was obtained by subtracting the LCR curve taken without delay from the same curve shifted by 25 ms, as indicated in Fig. 4 .
Representative mLCRs together with the corresponding MLRs from 4 subjects are illustrated in Fig.  5 . In comparison with LCRs, mLCRs showed a more strict resemblance to MLR morphology due to a decrease in amplitude of its early components. However, as was expected, mLCRs differed from MLRs since they showed the same additional components found in LCRs in each subject. Mean and standard deviations of amplitude and latency values of mLCR components are reported in Tables 2 and 3 , respectively. The mLCR components did not show significant differences in latency in comparison to LCR and MLR waves except Pb which was significantly delayed in mLCRs in comparison to MLRs. With respect to amplitude, mLCRs showed significantly lower values for V-Na (P < 0.0001) and Na-Pa (P < 0.0001) and higher values for Nc-Pc (P< 0.0001) in comparison to mLCRs. When compared with MLRs, LCRs showed significantly higher values only for Nb-Pb (P < 0.001).
40 Hz-SSR predictions
Three predictions of the 40 Hz-SSR were calculated utilizing GA of MLRs, LCRs and mLCRs, respectively, as the basic response (Fig. 6) .
Prediction curves and GA of the recorded 40 HzSSRs are shown on the right side of (1.11 /xV) instead resulted almost twice that of the recorded response. This amplitude difference disappeared when the prediction was synthesized utilizing GA of mLCRs as the basic response. In fact, the mLCR prediction curve reproduced the recorded 40 Hz-SSR in both amplitude (0.61 /xV) and phase (4.276 rad).
Discussion
Our study was aimed at isolating the 'basic response' to individual stimuli within the 40 Hz-SSR and at verifying if some differences exist between this 'basic response' and the transient MLR evoked at lower repetition rates. To this aim, a paradigm based on a train stimulation offers a suitable model since it is characterized by an abrupt interruption of the stimuli sequence after reaching the steady-state. This condition appears to be achieved in our paradigm since the last periods of the train strictly resembled the 40 Hz-SSR in morphology as well as in amplitude and phase. As a consequence, the response-segment following the last stimulus of the train reflects the properties of the responses to individual stimuli when the system is in the steady-state condition.
Comparison between MLRs, LCRs and mLCRs
The analysis of the responses following the last click of the train allows us to identify several differences with respect to MLRs. The most relevant was found in the late portion of the response where LCRs showed one or two additional components with respect to MLRs in the 50-110 ms latency range in 13 out of 16 subjects. LCRs behaved in the following way in 9 subjects: an additional component which was in the same latency range of the Pc wave of MLRs followed the Pb wave. This additional activity seemed to maintain the same periodicity as that of MLRs since the inter-peak latencies Pb-Pc and Pc-Pd were similar, ranging from 20 to 30 ms. Interestingly, in two cases LCRs showed an additional positive component following the Pc wave. This component which was labelled Pd, has not been previously described in MLR studies.
The reported morphological differences suggest that MLRs and LCRs may represent the output of the same system under two states of activation. As a consequence, the comparison between MLRs and LCRs with regard to latency and amplitude values deserves caution. Nevertheless, with respect to latency, the only significant difference consisted in a delayed Pb component in LCRs. In our previous study, phenomena dealing with the recovery cycle have been shown to take place to determine amplitude and latency of the steady-state auditory responses (Azzena et al., 1995) . Taking into account these data, one can hypothesize that the increased Pb latency may result from a rate effect taking place at 40 Hz. Moreover, with regard to amplitude, it should be noted that LCR components show an increase in comparison to the corresponding MLR waves within the first 50 ms and this difference attains the significance for V-Na and Nb-Pb. This was explained taking into account that the LCR results from the superimposition of the responses elicited by the last clicks of the train. On the basis of this assumption and admitting the attainment of the steady state, the analytical handling performed on LCR allowed us to isolate the response elicited by the last click of the train. Thus the extracted mLCR would represent the basic response to individual stimuli within the 40 Hz-SSR. In fact, in the first 50 ms mLCRs showed several waves which were comparable in latency and amplitude values to ABR (wave V) and MLR waves. Nevertheless mLCRs still differ from MLRs because of the additional components found in the late part of the responses and the increased Nb-Pb amplitude.
Therefore it could be suggested that the main difference between the responses elicited by individual stimuli at low rates (MLRs) and those obtained at high rates (mLCRs) consists of the appearance of additional neural activity during steady-state stimulation. Additional activity following steady-state responses has not been described in previous studies utilizing a stimulus train paradigm in cats (M~ikel~i et al., 1990) and in humans (M~ikel~i and Hari, 1987) .
Given the absolute latency of the additional components present in LCRs and in mLCRs, one of the most important questions deals with the possibility that these components correspond to slow potentials elicited by the first click of the train. However this hypothesis seems unlikely. It is reasonable to assume that the recovery cycle of the response to the first click of the train is determined, at the most, by the inter-train interval. This, in fact, lasts as long as the inter-stimulus interval utilized in MLR recordings. Thus, if a P2 component is elicited during train stimulation, one would also find it in MLRs. This view is supported by previous studies which have reported that a P2 wave does not become detectable until an inter-stimulus interval of about 200 ms (Picton et al., 1992) , which is longer than that utilized in our experiment. Neverthless, in order to test the hypothesis that slow components may be involved with the appearance of additional activity found in LCR, a supplementary recording session was carried out based on the assumption that the recovery cycle is regulated by the repetition rate of the train stimuli. We recorded the responses to clicks presented with an inter-stimulus interval of 301 ms on a 300 ms time base in three of the previously tested subjects (Subjs. 5, 10, 11) . We also recorded the MLRs and the responses to train stimulation utilizing the same paradigm described above. Both MLRs and LCRs replicated the behaviour observed in the first recording session. With regard to the transient responses obtained with an inter-stimulus interval of 301 ms, a clear NI-Pz-N 2 complex was always detectable in the 70-200 ms latency range. A prediction of the response to train stimulation was then synthesized by adding eight transient responses recorded at an interstimulus interval of 301 ms, each shifted by 25 ms with respect to the previous one. Synthetic train responses always attained a good synchronization within the first 50 ms. This is shown for a representative subject in Fig.  7 . However, it is relevant that no additional components with respect to MLR waves were found in the latency range corresponding to LCR. This result further suggests that a residual slow cortical activity evoked by the clicks which precede the last cannot account for additional components found in LCRs.
The latency range of the observed additional activity raises the question of its relationship with the transient gamma band response (GBR) which has been recently discovered by electric (Makeig and Galambos, 1989) and magnetic (Pantev et al., 1991) encephalographic studies. It has been suggested that this response does not participate in the generation of the 40 Hz-SSR since these neural activities originate from separate cortical sources (Pantev et al., 1993) . Moreover, the GBR has been proven to be strongly enhanced by stimulus rates lower than 1 Hz (Makeig and Galambos, 1989; Pantev et al., 1993) and this makes it unlikely that this response appears at the rates used in our stimulation paradigm.
Another point deserving some comment concerns the state of alertness of our tested subjects. In fact, it has been reported that variations in amplitude of MLR components may be dependent on the state of wakefulness (Erwin and Buchwald, 1986) . This effect cannot justify the observed differences between MLRs and LCRs as all our subjects remained awake during the whole recording session.
Thus the additional components found in LCRs and mLCRs may be regarded as the activity of a neural generator whose output is related to the stimulation period. This suggests that mechanisms related to resonant properties of the auditory system may come into play, enhancing the contribution of individual responses within the 40 Hz-SSR. Assuming linearity and admitting that the system behaves as a damped harmonic oscillator having resonant frequency of 40 Hz and damping ratio between 0 and 1, one can speculate that, for a given damping value, the output modulus depends on the frequency components of the input as well as on the system resonant frequency. The increase in the input of the frequency components close to the system resonant frequency causes the output modulus to increase and this makes the appearance of further oscillations in the system output more likely.
40 Hz-SSR predictions
The hypothesis of linear addition of individual MLRs is the most widely accepted to explain the generation of 40 Hz-SSR (Galambos et al., 1981; Stapells et al., 1988; Hari et al., 1989; Plourde et al., 1991) . Our results do not reject this hypothesis since the synthetic 40 Hz-SSR obtained by the linear addition of MLR traces adequately predicted amplitude and phase of the recorded SSR. However, in our study, the initial question was: what summates to generate the 40 Hz-SSR? To answer this question we utilized the stimulation train paradigm to isolate a basic response after the system has attained the steady state. LCR closely predicted in phase the actual 40 Hz-SSR while its amplitude resulted almost twice that of the recorded response. However, LCRs may result from the superimposition of the neural activity elicited by the clicks preceding the last one. As a matter of fact, when utilizing the extracted mLCR to synthesize the 40 Hz-SSR, a close correspondence between the recorded and predicted amplitude and phase was found. Hence one can suggest that the basic responses which summate to generate the 40 Hz-SSRs should be identified in mLCRs rather than in MLRs. As discussed above, the mLCR greatly differs from MLR due to the presence of additional components which may be regarded as the result of an enhancing effect related to the resonant properties of the generating system. Moreover, our previous paper suggests that adaptation phenomena take place to determine the SSR parameters starting from stimulus rates lower than 40 Hz (Azzena et al., 1995) . One would expect that these phenomena would lead to an amplitude decrease of the actual 40 Hz-SSR in comparison to the 40 Hz-SSR predicted on the basis of the transient MLRs. However this was not the case. Hence it is possible to admit that the inhibitory action caused by adaptation is counterbalanced by the facilitating effect due to the resonant properties of the system.
Conclusion
The linear addition of the responses elicited by individual stimuli can still be considered to be the main mechanism underlying the SSR generation. However, other phenomena are involved so that the responses to individual stimuli within the SSRs differ from the responses recorded at rates which prevent their overlapping (MLRs). First of all, mechanisms related to the resonant frequency of the auditory system come into play, enhancing the contribution of individual responses. Furthermore, taking into account the results of our first paper, the SSR generation appears to be even more complex since nonlinearities related to the recovery cycle can determine parameters of individual responses within the steady-state potentials.
In conclusion, the surface-recorded SSRs result from the linear summation of the responses elicited by individual stimuli and these responses can be enhanced or depressed by resonant and adaptation phenomena. The interplay between these effects seems to depend on the stimulus repetition rate.
